Background and Purpose-Early identification of stroke patients at risk for fatal brain edema may be useful in selecting patients for aggressive interventions. Prior studies suggested that early nausea/vomiting and major hypodensity on baseline computed tomography (CT) were predictive of herniation. Methods-This study was a retrospective multicenter case-control study of patients with large middle cerebral artery (MCA) strokes admitted within 48 hours of symptom onset. Medical records, laboratory data, and CT scans were analyzed. Cases, defined as patients who died of massive brain swelling, were compared with all remaining patients as controls. Results-Two hundred one patients with large MCA strokes were identified: 94 (47%) died of brain swelling, 12 (6%) died of non-neurological causes, and 95 (47%) survived at day 30. Multivariable analysis, adjusted for age and clustered by center, identified the following predictors of fatal brain edema: history of hypertension (OR 3.0, 95% CI 1.2 to 7.6, Pϭ0.02), history of heart failure (OR 2.1, 95% CI 1.5 to 3.0, PϽ0.001), elevated white blood cell count (OR 1.08 per 1000 white blood cells/L, 95% CI 1.01 to 1.14, Pϭ0.02), Ͼ50% MCA hypodensity (OR 6.3, 95% CI 3.5 to 11.6, PϽ0.001), and involvement of additional vascular territories (anterior cerebral artery, posterior cerebral artery, or anterior choroidal artery; OR 3.3, 95% CI 1.2 to 9.4, Pϭ0.02). Initial level of consciousness, National Institutes of Health Stroke Scale score, early nausea/vomiting, and serum glucose were associated with neurological death in bivariable but not multivariable analyses. Conclusions-Among patients with large MCA infarctions, an increased risk of fatal brain edema is associated with history of hypertension or heart failure, increased baseline white blood cell count, major early CT hypodensity involving Ͼ50% of the MCA territory, and involvement of additional vascular territories. These data confirm and expand on prior research with a broad-based patient population. The presence of these risk factors identifies those stroke patients who may require aggressive therapeutic approaches. (Stroke. 2001;32:2117-2123.)
M assive hemispheric infarctions constitute Ϸ5% of all ischemic strokes and have a mortality rate of 50% to 80%. 1 The principal cause of death in patients with this "malignant middle cerebral artery syndrome" is focal brain edema, with resultant compartmental shift and cerebral herniation. 2 Because of the high mortality rate and the poor functional outcome among survivors, aggressive therapeutic maneuvers have been considered for this catastrophe, including decompressive hemicraniectomy and induced hypothermia. Animal experiments and preliminary human studies suggest that both of these approaches may limit infarct size and improve mortality, particularly if instituted early after stroke onset. [3] [4] [5] [6] [7] [8] [9] [10] Hemicraniectomy and hypothermia remain contentious therapies, however, because they are both unproven and may pose considerable risk to the patient. Randomized clinical trials of both interventions are necessary and are currently in the planning stages. Careful selection of patients for these studies is critical to avoid unnecessarily aggressive procedures in patients who have little chance of benefit. Furthermore, an adequate assessment of the probability of death among the untreated control patients is required to appropriately determine the sample size for these studies. In a prospective cohort of patients with severe stroke derived from the placebo arm of the Lub-INT-9 clinical trial, 11 only early nausea/vomiting and massive computed tomographic (CT) hypodensity (exceeding 50% of the middle cerebral artery [MCA] territory) were identified at the time of initial presentation as independent predictors of fatal brain swelling. 12 However, that study was limited by a relatively small number of neurological deaths and thus had limited statistical power to identify multiple predictors. 13 Moreover, the results may not be widely applicable because they were obtained from a homogeneous population of strokes that met the specific inclusion and exclusion criteria of the clinical trial. Other small studies have supported the prognostic role of major CT findings and other neuroimaging data but failed to identify any clinical or laboratory predictors of outcome. 14, 15 Therefore, we evaluated the early clinical, laboratory, and radiographic characteristics associated with fatal brain edema after stroke in a larger, broad-based patient population.
Subjects and Methods

Study Design and Patient Selection
This was a retrospective case-control study of patients with large hemispheric ischemic stroke drawn from 7 centers in 3 countries between January 1995 and December 1998. Patients were identified from review of all neurology admission logs and other health-record sources. Patients were eligible for the present study if all of the following inclusion criteria were fulfilled: (1) cerebral infarction involving at minimum both the anterior and posterior divisions of the MCA territory (with or without the deep MCA territory supplied by the lenticulostriate arteries) equivalent to "60" size or more MCA infarction according to the criteria of Wardlaw and Sellar 16 on a late CT scan that revealed infarct size; (2) awake or drowsy but arousable with minor stimulus to obey, answer, or respond at some time during first 5 days of hospital course; (3) hospital presentation within 48 hours of symptom onset; (4) admitted to neurocritical or other intensive care units in participating hospital; and (5) at least 2 CT scans performed within first 5 days of hospital course. The study thus did not include persistently stuporous or comatose patients, because such patients may have already herniated, have a virtually uniformly poor prognosis, and are seldom considered as candidates for experimental therapies. Patients were not eligible if any of the following exclusion criteria were met: (1) incomplete hospital records or missing CT scans that would prevent complete data collection; (2) large parenchymal hematoma (Ͼ30% of infarct territory causing mass effect or edema); or (3) therapeutic hypothermia or hemicraniectomy during hospital course. The rationale for exclusion of patients treated with hemicraniectomy or hypothermia was based on the possibility that such therapies may alter the morbidity and mortality of large hemispheric strokes, and the purpose of the present study was to characterize the natural history of large hemispheric strokes.
All available patient data, including detailed clinical summaries, were reviewed to verify cause of death and to specifically determine which patients died as a result of massive brain edema. Only in-hospital mortality was addressed in the present study. Neurological death was defined as death caused by brain herniation with documented evidence of brain stem compression (enlarged pupil, coma, or loss of other brain stem reflexes) preceding death. Cardiac arrest at the time of neurological signs of herniation was considered neurological death. All other causes of death without signs of herniation, such as pulmonary embolus, pneumonia, or cardiac arrest, were considered non-neurological death. Deaths of patients with "do-not-resuscitate" orders implemented before neurological decline were not considered neurological death. For the present study, cases were defined as those patients who suffered neurological death (fatal brain edema), whereas controls were defined as all remaining patients with large strokes who survived the acute hospitalization or died of other causes.
Data Collection
Standardized case report forms were used for data collection, which was performed by experienced stroke neurologists at each site. Demographic characteristics and baseline clinical information regarding stroke risk factors, clinical stroke severity (estimated in 5-point increments of the National Institutes of Health Stroke Scale [NIHSS]), 17, 18 blood pressure, fever, and timing of initial clinical evaluation in relation to stroke onset were extrapolated from the medical record information. Specific clinical data regarding presence of early nausea or vomiting, headache, gaze deviation, and level of consciousness were obtained from the initial emergency department and/or admission notes. The timing and severity of any clinical deterioration during the hospitalization were extrapolated from the medical record. All laboratory measurements of serum glucose, sodium, potassium, magnesium, and white blood cell count (WBC) on admission were recorded. Information regarding interventions during the hospital course, including airway intubation, thrombolytic therapy, or osmotic diuresis, was recorded. Each CT scan performed during hospitalization was reexamined and interpreted by a stroke neurologist at each center. Information from the initial CT scan only is reported in this analysis of early predictors. The CT scan was evaluated allowing for technical factors, including window settings, movement artifacts, or head positioning in the gantry, all of which may influence interpretation. Particular attention was directed toward early signs of infarction, vascular distribution of the infarction, site of vessel occlusion, intracerebral hemorrhage, and measurement of mass effect.
Early signs of infarction were interpreted according to the methods of von Kummer and colleagues. 19 Early CT signs evaluated included the following: (1) hyperdense MCA sign, defined as spontaneous high contrast in the MCA that is brighter than adjacent brain tissue and other intracranial arteries (particularly contralateral MCA) and not attributable to calcification. 20 (2) Hyperdense internal carotid artery sign was defined on the same terms as spontaneous high contrast in the terminal internal carotid artery (ICA) distinguishable from opposite ICA and surrounding bony structures. (3) Lentiform obscuration was defined as a loss of the precise delineation of the lentiform nucleus due to a decrease in density compared with the contralateral nucleus. 21 (4) Sylvian fissure obscuration was defined as effacement of the sylvian fissure compared with the contralateral side. Infarct size was classified as defined by Wardlaw and Sellar. 16 (5) Other vascular territory involvement was defined as hypodensity in the anterior cerebral, anterior choroidal, or posterior cerebral arteries. Determination of vascular distribution was based on the vascular territory templates provided by Tatu et al. 22 (6) Mass effect was determined by grading hemispheric swelling. 16 Greater than 2 on this scale corresponds to complete sylvian fissure obscuration and extensive effacement of the hemisphere, including lateral ventricle compression. (7) Mass effect was also graded by a quantitative measure with pineal gland shift and septum pellucidum (anteroseptal) shift. 23 
Statistical Methods
Cases and controls were compared in terms of demographic features, preexisting conditions, clinical characteristics, laboratory results, and CT findings. In the initial bivariable analyses, dichotomous or categorical variables were compared with the 2 test, and continuous variables were compared with the unpaired t test or Wilcoxon rank sum test, as indicated. All tests were 2 sided. Variables were considered for multivariable analysis if they were associated with neurological death in the bivariable analysis at the PϽ0.10 level, to reduce the chance of type II error due to the modest sample size. Multivariable analysis was performed with logistic regression, with clustering by site. This method assumes that patients within a site may have been treated similarly but that there may have been important differences in management and outcome among the multiple sites. Age was retained in the final logistic model because it was deemed a highly probable confounder. Stepwise procedures were avoided, because these may lead to suboptimal final models; instead, the regression was performed to assess the importance of each potential variable as it affected the other parameter OR estimates in the model. 24 In the final model, an association was considered significant if PϽ0.05.
The study was powered to be able to identify as many as 10 important variables that were predictive of fatal brain edema. Therefore, the sample required Ϸ100 patients with this outcome in the study. 13 A risk stratification index was developed by assigning 1 point for each of the risk factors determined by the final multivariable logistic regression model. Continuous variables, if significant in the multivariable model, were dichotomized at their medians for this analysis. If data for a variable were missing, they were arbitrarily coded as not present for this analysis. The risk of fatal brain edema was calculated for each score on the index, as were the sensitivity and specificity, with 95% binomial CIs for each threshold score, and the overall area under the receiver operator characteristic curve. Likelihood ratios were also calculated for each threshold score. The association between risk score and neurological death was evaluated with the test for trend.
All statistical analyses were performed with STATA version 6.0 (Stata Corporation).
Results
Patient Outcomes
Review of hospital admission logs yielded Ϸ12 000 stroke patients from the 7 participating centers. A total of 201 patients with large strokes met all eligibility criteria and were included in the present study. Fatal brain swelling occurred in 94 patients (47%), who were designated as cases for this study. Another 12 patients (6%) died of other causes: pneumonia (nϭ5), sepsis (2), cardiac arrest (1), cardiac tamponade (1), recurrent stroke (1), and withdrawal of care unrelated to brain swelling (2) . The remaining 95 patients (47%) survived until hospital discharge. These latter 2 groups served as the 107 controls. Outcomes were similar at all 7 participating sites (Pϭ0.54).
Fifty additional patients met all inclusion and exclusion criteria except that they were treated with hemicraniectomy. This procedure was performed at 6 of the 7 participating centers. An additional 19 patients at 2 institutions were excluded because of treatment with hypothermia. Those patients were not included in the present study and will be reported in a separate analysis.
Clinical Features
Clinical characteristics of the cases and controls are summarized in Table 1 . Age, race, and sex were similar in the 2 groups. Cases were more likely to have a history of hypertension (OR 2.1, 95% CI 1.15 to 3.91) and history of congestive heart failure (OR 2.15, 95% CI 1.14 to 4.03) but were similar with regard to other risk factors. Although all patients in the present study had large strokes, cases had higher NIHSS scores by one 5-point category (OR 1.67 per 5-point category increase, 95% CI 1.29 to 2.16). Cases were also more likely to have depressed level of consciousness (OR 8.21, 95% CI 2.83 to 23.7) and early nausea/vomiting (OR 3.39, 95% CI 1.07 to 10.7). Early headache and fever were not associated with fatal brain edema. Initial blood pressure recordings were similar in the 2 groups.
Laboratory Results
Initial laboratory parameters for cases and controls are summarized in Table 1 . Serum glucose and sodium levels were similar between the 2 groups. Serum magnesium levels were significantly lower in cases (1.5Ϯ0.6 mEq/dL) than in controls (1.8Ϯ0.4 mEq/dL; Pϭ0.03), but this measure was only available for 71 patients (35%) and therefore was not used in subsequent multivariable analyses. WBC count tended to be higher in cases (10 873Ϯ422 WBC/L) than in controls (10 055Ϯ363 WBC/L; Pϭ0.09).
Radiographic Findings
Initial CT scans were obtained a median 2.6 (range 0.2 to 40) and mean 5.0Ϯ5.9 hours after onset of symptoms (timing uncertain in 47 patients). Baseline CT characteristics are outlined in Table 1 . The frequencies of hyperdense vessel signs and of subtle early ischemic signs were similar between cases and controls. However, the 2 groups differed significantly with regard to major early CT findings. Early involvement of more than half of the MCA territory was significantly more common in cases than controls (OR 3.76, 95% CI 2.05 to 6.91), as was involvement of other vascular territories (OR 6.25, 95% CI 2.11 to 18.4) and early mass effect (OR 2.51, 95% CI 1.31 to 4.78). Early temporal lobe involvement also tended to be more common in cases than in controls (OR 1.78, 95% CI 0.97 to 3.31). Despite these differences on baseline CT, both groups ultimately developed large infarctions with Wardlaw scores Ն60 on the late CT scans.
Multivariable Analysis
Clinical, laboratory, and radiographic features tested in multivariable analysis included age, history of hypertension, history of congestive heart failure, NIHSS category, early nausea/vomiting, early stupor/coma, WBC count, CT involvement of Ͼ50% of the MCA territory, involvement of other vascular territories, temporal lobe hypodensity, and early mass effect. The role of each individual site was not found to be a significant confounder (Pϭ0.54), and all results were clustered by site.
The significant predictors of fatal brain swelling were (1) history of hypertension (OR 3.03, 95% CI 1.21 to 7.62, Pϭ0.018), (2) history of congestive heart failure (OR 2.12, 95% CI 1.49 to 3.02, PϽ0.001), (3) WBC count (OR 1.07 per 1000 WBC/L, 95% CI 1.01 to 1.14, Pϭ0.015), (4) CT involvement of Ͼ50% MCA territory (OR 6.34, 95% CI 3.48 to 11.6, PϽ0.001), and (5) CT involvement of additional territories (OR 3.34, 95% CI 1.19 to 9.38, Pϭ0.022). The role of WBC count was also evaluated as a dichotomous variable, scored as present if it exceeded its median value of 10 000/L and absent if less than or equal to this value. In this case, elevated WBC count also was a significant variable in the model (OR 3.93, 95% CI 2.41 to 6.43, PϽ0.001), and its inclusion as a dichotomous rather than continuous variable had minimal effects on the ORs of the other variables in the model. Also, in the initial multivariable analysis, temporal lobe involvement appeared to be associated with a reduced risk of fatal brain edema (OR 0.38, 95% CI 0.18 to 0.79, Pϭ0.010). However, this apparent reduction was due to an interaction between temporal lobe hypodensity and the other significant CT abnormalities. The majority (70%) of patients who had temporal lobe involvement also had Ͼ50% MCA involvement and/or involvement of additional vascular terri-tories. When this interaction was included in the model, the role of temporal lobe hypodensity was no longer significant (OR 1.10, 95% CI 0.31 to 3.91, Pϭ0.89).
Risk Index
A 5-point risk index was calculated for each patient based on the predictors of herniation identified in the multivariable analysis. The 2 clinical and the 2 radiographic predictor variables were each assigned 1 point. WBC count was dichotomized and scored as 1 point if it exceeded its median value of 10 000/L and zero points if less than or equal to this value. The relationship between fatal brain edema and the risk score is depicted in the Figure. The overall association between risk index and neurological death and the test for trend were statistically significant (PϽ0.001). Sensitivity, specificity, and likelihood ratios for each risk index score are summarized in Table 2 . The area under the receiver operator characteristic curve was 0.70, which suggests that the model based on the risk index has good ability to discriminate between outcome states. 25
Discussion
Patients with large hemispheric strokes are at high risk of fatal brain edema and may be considered potential candidates for aggressive treatments, such as hemicraniectomy or hypothermia. However, some patients with large strokes are more likely to die as a result of herniation than others, and improved methods are needed to stratify risk. A few prior studies have addressed this issue in relatively small groups of very carefully selected stroke patients, so the results may not apply to the majority of large strokes that are encountered in clinical practice. The present study sought to identify clinical, laboratory, and radiographic factors that predicted fatal brain edema among a broad population of patients with large strokes. The patients were drawn from multiple centers in 4 countries and were demographically diverse. Compared with patients included in published acute stroke trials, 11, 26, 27 the patients in the present study had a greater proportion of some vascular risk factors, such as atrial fibrillation and diabetes. The strokes in the present study were also more severe than in most prior studies, with median NIHSS scores in the 16-to-20 category. Furthermore, the neurological mortality rate of 47% in our population far exceeds that of other studies, even the PROACT II study of MCA occlusions. 28 These differences support the premise that clinical trials include a selected group of patients, with possible underrepresentation of patients with the most severe strokes and more concurrent medical illnesses.
In this study of large hemispheric strokes, the features that predicted fatal brain edema were history of hypertension or congestive heart failure, elevated WBC count, early CT hypodensity exceeding 50% of the MCA territory, and CT evidence of involvement of additional vascular territories. The association between clinical history of hypertension or congestive heart failure and fatal brain swelling due to stroke is unclear and has not been described in prior studies. It seems likely that these disorders may be proxy measures of systemic and cerebrovascular disease and that they may be related to chronic impairments in cerebral collateral flow and autoregulation. 29 The association with WBC count may be more apparent; there is mounting evidence that chronic infection may be an independent risk factor for stroke 30 and that acute infection and fever contribute to worse outcomes after stroke. 31, 32 On the other hand, elevated WBC count may be a nondescript marker of acute stress without a specific pathophysiological role. Krieger and colleagues 12 examined outcomes in a subset of patients from the placebo arm of a randomized clinical trial and attempted to identify a composite of clinical, laboratory, and radiographic predictors of neurological death. In their sample of 23 cases who herniated and 112 controls, they performed 2 separate logistic regression analyses, one using only clinical factors and laboratory features, the other using only CT data. In the former, they identified nausea/vomiting as a possible baseline predictor of fatal brain edema. Although the present study initially found nausea/vomiting to be associated with fatal brain swelling in the bivariable analysis, this was not upheld by the multivariable analysis. This suggests that nausea/vomiting may be a confounding clinical indicator, or a proxy for 1 or more of the significant predictors, but is itself unlikely to be an independent predictor in clinical practice.
The radiographic findings in the present study are similar to and expand on those in prior studies. Hacke and colleagues 1 evaluated 55 patients with complete MCA territory infarction and described the clinical and radiographic course of their neurological decline. They found that occlusion of the internal carotid artery or MCA and poor collateral blood flow were associated with fatal outcomes. However, no specific ϱ †Sensitivity reflects the probability of having a risk index score equal to or greater than the score indicated for the stratum among the total number of patients who suffered a neurological death. Specificity reflects the probability of having a risk index score less than the score indicated among the total number of patients who did not suffer a neurological death.
clinical or laboratory factors were identified as predictors of herniation. Von Kummer and colleagues 14 investigated the prognostic value of CT in 53 patients with MCA trunk occlusions. Of these, 18 patients died, and the only predictor of outcome was major early CT hypodensity. Haring and colleagues 33 also demonstrated that major hypodensity in the MCA territory predicted herniation but found that attenuation of contrast between the gray and white matter was the single best predictor of this outcome in a study of 62 patients with hemispheric infarctions. In the analysis of radiographic factors by Krieger and colleagues, 12 only CT involvement of Ͼ50% of the MCA territory was found to predict fatal brain swelling. The present study supports this predictive role of major early CT changes in the MCA territory and demonstrates an additional effect when there is involvement of other vascular territories, such as the anterior cerebral artery or anterior choroidal artery. Concurrent acute infarction in these territories contributed to poor outcome and was likely indicative of poor hemispheric collateral flow, larger or more proximal vascular occlusion (such as the intracranial internal carotid artery), and greater volume of edematous brain tissue. 34 -36 In the present study, there were several factors notably absent from the final list of predictors. Among the initial clinical factors, neither level of consciousness nor stroke severity on presentation was associated with neurological death. Both of these appeared to be associated with outcome in preliminary bivariable analyses but did not contribute to the final multivariable analysis. The lack of association could be related to limited statistical power, although the study had an adequate sample size to detect up to 9 or 10 predictive variables. 13 Alternatively, there may be no real predictive role of these clinical features. Impaired level of consciousness usually occurs relatively late after stroke onset and may not be a useful predictor of ultimate outcome. Similarly, because the present study only evaluated large strokes, most patients had severe deficits at baseline, and the severity of the deficit as measured by the NIHSS may simply not be useful for distinguishing which patients have the grimmer prognosis. The use of thrombolytic therapy for the stroke was not predictive of fatal brain edema in any analysis in the present study. Although this could be interpreted as implying that large strokes do not respond to thrombolysis, it is also likely that there was a selection bias in this study, because we systematically excluded patients with smaller strokes on late CT, including those who may have had favorable responses to thrombolytic therapy.
The probability of neurological death increased dramatically with increasing risk index score. This score could serve as a convenient summary marker for the risk of fatal brain edema and may be useful for the selection of patients for trials of aggressive interventions. For example, in a trial of hemicraniectomy, it would be ideal if the study only included patients who were at greatest risk of fatal brain edema. Therefore, a diagnostic method with high specificity is desirable, because it would ensure that very few patients at low risk would be potentially exposed to an invasive experimental procedure. Given our results, patients with 3 or more points on the risk index could be selected with 87% specificity. The sensitivity at this threshold is relatively low, such that only 35% of patients destined toward a neurological death would be identified by our criteria. This relatively low sensitivity would reduce the number of patients eligible for the proposed intervention but would maximize the safety of patients who are ultimately included.
Our study has potential limitations caused primarily by its retrospective design. The abstraction of medical records often results in some misclassified or missing data. However, it is unlikely that there was a differential bias as a result of misclassification, because baseline data were recorded well in advance of the outcome and therefore should not have led to false-positive associations (type I errors). Although larger than prior studies, our study was still relatively small. However, we had sufficient power to identify more variables than we did, which suggests that false-negative associations (type II errors) also were unlikely. Our data were collected from multiple centers and countries to reflect actual clinical practice rather than clinical trials. Although we did not find significant heterogeneity among the sites with regard to outcome, this study still has limited generalizability because these were all tertiary care centers with neurocritical care units staffed by trained subspecialists. Only a small fraction of all stroke patients at these institutions met the inclusion and exclusion criteria, so the results are only applicable to similar patients encountered in clinical practice. Furthermore, the exclusion of patients with persistent stupor or coma and patients treated with hemicraniectomy or hypothermia also precludes the use of our predictive model for such patients. All data were generated at each site without blinded central reading of the imaging data or adjudication of outcomes, so there is potential for additional bias that cannot be identified. Finally, we did not collect data on outcomes other than mortality, and severe dependency after stroke is also likely to affect future treatment decisions. 37 In conclusion, this study identified several readily available clinical, laboratory, and radiographic features that may be useful in predicting which patients with large hemispheric ischemic strokes are at highest risk for fatal brain swelling. Such patients may be reasonable candidates for aggressive intervention and could serve as the study population for trials of hemicraniectomy or hypothermia. The predictors identified in this study may be more generalizable than those in prior studies because they were derived from a broad-based population in real clinical practice. These predictors should be validated in a prospective study.
